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Abstract

This report describes a charge-

sensitive amplifier using an N-channel FET

input stage. Details of the circuit con-

figuration are discussed; and performance

data with respect to noise, stability, gain

variations, dynamic range, and output load-

ing are presented.



|

E

L.

E
p.

1.0 INTRODUCTION

In February, 1964 J. H. Harshall, completed work at the

Jet Propulsion Laboratory (JPL) on an amplifier to be used

in solid-state detector app]ications. This circuit, which is

thoroughly described in the appendix, is the basis for the

design presented in this report.

The principal reasons for modification of the original

design were to improve noise performance and extend dynamic

range. Since the original circuit (see Figure 3 of the appen-

dix) used P-channel FET's at the input, it became necessary to

design a conjugate circuit in order to accommodate the new

low-noise N-channel FET's recently available. In addition,

the output circuit required modification to provide at least

10 MeV of dynamic range at a scale factor of 1V/MeV.

r

Owing to the completeness with which this generic design

is analyzed in tile appendix, this report will rely extensively

on fundamental material from the appendix. Data, in the form

of new design and performance features, will be presented in

Part 2.0 (Circuit Description). Part 3.0 will present labora-

tory performance data, and where pertinent, will compare these

data to theoretical performance.

2.0 CIRCUIT DESCRIPTION

Accuracy in charge measurements is enhanced by making the

measurement independent of such parameters as source capaci-

tance, amplifier input capacitance, and stray wiring capacitance.

Th_s basic goal is accomplished by the use of the operational

amplifier configuration and is described in further detail in

Reference 2.0-1.

2.0-1
ATC Staff, "An Experimenter's Handbook for Space Instru-

" June 15 196_,ment Design, , pp 78 - 85

1.0-I



The amplifier described here is a high gain, broadband

device with closed-loop gain and pulse shape determined by

elements located in the external feedback loop. This is

shown schematically in Figure 2.0-1. Initial charge inte-

gration is performed by capacitor Cfl , and first-order gain

and pulse shaping is produced by the two equal rise and de-

cay time constants, Rf2 Cf2 and Rf3 Cf3. For the case of an

internal amplifier having an infinite feedback factor and

infinite bandwidth, the impulse response of this network may

be expressed as follows

V°UtE = QD(Rf2 +Rf3)CflRf3 (tt-_)e-t/t
(2 .o-i)

where QD 4.S7 x 10 -17 C/KeV (for Silicon)

QD 5.51 x l0 -17 C/KeV (for Germanium)

Shaping time constant = Rf2Cf2 = Rf3Cf3

E = Particle energy loss

Two improvements have been made in the basic circuit,

which lead to reduced input noise. One improvement is the

ability to use newly available N-channel field effect transis-

tors (FET's) at the input. A second feature is the direct

coupling of the solid state detector, which permits the noise-

producing bias resistor to be bypassed to ground. The pulse

shaping time constant used in this study was arbitrarily chosen

to be 1 us as a possible optimization for detector current noise

and amplifier Voltage noise. This parameter will necessitate
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additional high frequency feedback factor in order to produce

the thermal gain stability obtained for the 2-_s timeconstant

used in the circuit of tee appendix.

-i

The first stage of this four-stage direct-coupled ampli-

fier is the N-channel FET, 2N4417, which is specified by the

manufacturer to produce an equivalent input voltage noise of

3 nV/H_ at ID = 1 mA. This transistor is followed by a high-

gain PNP stage (2N3799). The third and last stage of voltage

amplification is one half of a 2N4044 whose output is connected

to a complementary emitter follower appropriately biased by the

dc collector current of the third stage. This dual output stage

is made up of an NPN transistor, (the other half of the 2N4044),

and its PNP complement, the 2N3307. Use of the complementary

circuit permits the output stage to idle at low currents and

yet drive large output loads without customary loading effects

of emitter bias resistors. Use of an 18-V collector Supply pro-

vides an unloaded dynamic range in excess of 15 V and a response

to a load of 300 pF in excess of I0 V. Barge Signal linearity

is enhanced through the bootstrapping of Q3a load resistor to

the output emitter follower. Closed loop bias levels are listed

in Table 2.0-1.

Principal shaping of high frequency feedback factor is

accomplished by the following networks: Rc4 C¢4 , Rcs•Cc5 , Rc3

and the associated detector capacitance, CD. The output network

comprised of R¢2 and Cc2 of Figure 3 of the appendix could not

be used because of rate-limiting effects under conditions of

200-pF output loading and large pulse levels.

2.0-3
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Before

Filter

+18.00

+6.00

-12.00

-6.00

V

Location

+18 V

+6

-12

-6

QI-D

Q2-C

Q3b-B

Q4-B

Q4.F
Q3b -C

Q4-C

Voltage

+17.95 V

+5.98

-Ii .98

-5.98

+5.35

-5.29

-1.33

-2.60

-I .96

+17.87

-5.91

After

Filter
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[

L

Amplifier

Table

Bias
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The following is a brief summary of features and advantages

of this circuit:

I)

2)

3)

4)

s)

6)

The amplifier and detector circuits are direct

coupled thereby eliminating secondary overshoots.

Direct coupling of the detector eliminates bias

resistor noise.

Transistors are protected where required against

damagingly large reverse emitter base voltages by

use of protection diodes.

The load resistance of Q3a, the third stage voltage

amplifier, is bootstrapped to the _tput emitter-

follower thereby extending the linear operating

range of the amplifier.

The collector circuits of the complementary output

stage are capacitively decoupled to the local chassis

ground thereby decoupling transient pulse loads from

the power supply and other associated circuitry. All

power lines are decoupled with RF filters.

The amplifier is partitioned into two compartments

providing requisite electrostatic shielding between

the output and input of the amplifier.

2.0-5



3.0 PERFO_IANCE

This section describes results of tests on the following

performance parameters: scale factor; stability against

oscillation; gain stability as functions of temperature,

power supply voltage and capacitive loading; and noise.

3.1 Scale Factor

For the case of infinite feedback factor, F, and equal

decay and rise time constants, _, the peak amplitude may be

expressed as follows:

QD (Rf2 + Rf3) (3.1-1)Vpeak = eCfl Rf3

where << _fl

(Tfl = Rfl Cfl)

e = 2.72 = base of natural logarithms

QD = 4.57 x I0 -14 C/HeV (for silicon detectors)

In the breadboard version of Figure 2.0-1, Cfl consists of

a stable 4.7 pF capacitance plus a distributed capacitance

of approximately 1 pF measured across the 4.53 Meg parallel

3.0-i



resistor (Rfl). Taking into consideration the finite value

of Tfl and its associated effects, the nominal peak voltage

may be rewritten as follows:

where

(I- )(i

Cfl _--_

QDK 1 + _+ + e K
Vpeak = eCfl _fl KCf2

K = = 330

Rf3

_fl
= 25.8 _s

= l IJS

E

[

.......

[

[

[

and Vpeak = .975 [.947] = .92 V/MeV.

The experimentally measured scale factor was .875 V/MeV.

3.2 Stabilization Against Oscillation

As mentioned in the appendix, low gain drift (requiring

large feedback factor) and a large margin of safety against

oscillation are competing requirements, which require accurate

prediction of oscillatory conditions in order that the design

may be optimized. The problem of preserving gain stability and

oscillation margins is increased further as the pulse shaping

time constant, T, is decreased because there is a greater de-

pendence on high-frequency feedback factor.

3.2-I



A second constraint introduced by the smaller pulse-

shaping time constant and the increased dynamic range require-

ment, is that capacitive networks such as Rc2 Cc2 in figure
3.2-1 should not be placed at the output or on the bootstrapped

driver for adjustment of high-frcquency feedback factor. This

requirement is due to the necessity of driving load capaci-

tances up to 200 pF without rate limiting occurring in the col-

lector circuit of Q3a. The capacitive loading factor leaves ,

little room for capacitive network adjustments at the output.

The network comprising Cc6 and Rc6 would similarly add to rate

limit problems and was consequently not used.

The networks consisting of Rc5 Cc5 and Rc3 and C D are

suitable for such adjustments. The shunt connected network

Ccl and Rcl is suitable for compensation so long as the capaci-

tive reactance, XC >> RLI , where RLI is the first-stage drain

driving point resistance, and the frequencies of interest are

within the effective pass band of the closed-loop amplifier.

For XCcl << RLI' the second-stage voltage noise (see figure

3.2-2a) reflected to the input becomes

enl (f[en2,Ccl])

e
n2

XCcl gml

{[3.2-1)

Miller-type compensation (figure 3.2-2b) produces an equiva-

lent input noise,

enl{[f[en2,Cc4])

en 2

XCc4 gml

{[3.2-2)

3.2-2
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The value of Cc4 producing a similar roll-off to that pro-

duced by Ccl is approximately equal to Ccl/Av2 , where Av2 is
the second-stage voltage gain. Therefore

en2
enl(f[en2 , Cc4]) : • (3.2-3)

gml Av2 XCcl

For situations requiring compensation at the FET drain, the

Miller-connected capacitor consequently provides best rejec-

tion to second-stage voltage noise. This connection requires

that the capacitor have a sufficiently large value to be

practical (Cc4 $ 1 pF). The second-stage noise rejection re-

quirement is very similar to that of the over-all charge-

sensitive amplifier. The preferability of the Miller con-

nection as described here is, likewise, an argument, from a

voltage noise standpoint, for the basic over-all configura-

tion used here for charge-sensitive amplification.

Since primary goals of this study were to reduce noise

and increase dynamic range, only rudimentary stabilization was

performed to permit timely evaluation of these parameters. From

this standpoint the feedback factor vs. frequency characteristic

is far from optimum and is subject to considerable improvement.

The following feedback factor data represent one such conserva-

tive amplifier stabilization at a detector capacitance of I00 pF.

The stabilization parameters for this illustration are

Cc4 = 20 pF

Rc4 = 510

Rc3.. = 200

3.2-5



The feedback factor may be written as follows:

where

F -- F
O

and F
O

p ._

(l+PTfl) (l+p_)2(l-p_j) (l+P_L) (l+PTc3)(l+p:c4 )

(I+P_ A)(l+pz B)(]+p_C )(l+pz D)(l+pz E)(I+p_ F)(I+pT G)

(l+p: H)(I+p_ I)(l+p_ K)(I+pTcT)(I+p: M) }

(3.2:4)

Laplace operator

DC feedback factor

The parameters of equation 3.2-4 have been calculated with the

assistance of equations appearing on pages 14 to 17 of the

appendix. The pertinent transistor parameters are listed in

Table 3.2-], and the calculated gain and time constants are

shown in Table 3.2-2. As a result of certain differences be-

tween the circuit described in this report and that of Appendix A,

the following new or modified relationships have been used:

S
r 2 x I0

oe 10 3 (3.2-5)
I) MV3 = = : 4 x

r S0
e

This modification occurs as a result of the bootstrapped

load resistance being much larger than the transistor

output resistance.

3.2-6
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E

E

E

E

[

E.

2N4417

VCE 0 or VDG 0 Max.

hFE @ 25°C, 1 mA:

min/max

gm @ 1 mA

30 V

2N3799

2240 _mhos

60 V

300/900

2N4044

(_0 V

225/675

Cob, pF

Cib, pF

Cc-c' pF

fT @ 1 mA, Hz

fT @ .5 mA, Hz

fT @ 2 mA, Hz (min/max)

Noise, nV/fR-_

1

3.5

3

8

lOOxlO

30x10

0.8

0.8

6 200x106

6

2N3307

3S V

4o/2so

1

300/1200xi0

(Note:

Table 3.2-I

Transistor Parameters

Vacant spaces represent non-applicable or unavailable
data)

I
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Table 3.2-2

Feedback Factor Time Constants

CD = 100 pF, Cc4 = 20 pF

ITEM

F o x 10 7

_A' _s

tB) _S

tC , ns

tD, ns

TE, ns

TF, ns

tG, ns

tH , ns

t I , ns

Tj, ns

XK' us

tL , ns

_, US

_fl' _s

_C3' ns

Tc4, ns

tO7, ns

tM, ns

CL = 200 pF

1.28

565

322

278

4.45

624

50

I0"

i0"

1.54

0.2

317

I0

1

23

2O

I0

1

0.6

CL = 0

1.28

565

322

278

4.4_5

520

3

10"

10"

1.54

0.2

317

1

23

2O

I0

1

(*estimated)

3.2-8



2) 3 (3 2-6)3 ----

c "blvl Cgd T1
1 +

(CB+CD) (_2+_3)

E !
o

i
3

where

3 3
RLI [3 1 (Ce2+Cob2+Cc4+Cg d)

"t 2 + 33

+ 34bIV2 (Cob2+Cc4)]

(3.2-7)

_2 + t 3 = -r I + RL1 [Mv2(Cob2+Cc4 ) + Ce2](3.2-8)

3) Calculation of TE, TF, 3 L, 3M:

roe+ [ " I2(CL+Cf2)(Rs+re4)3s+P 3s+(CL+Cf2) Rs+re4+ 84 I

(3.2-9)

(See Figure 3.2-3)

where

XL = CLRs

= roe3C_s 03

Co 3 = Cob3 A ÷ Cob3B + Cob 4 + distributed excess

Cf2 C L

_M = Rs Cf2 + CL

3.2-9
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I

Equation 3.2-9 may be factored into the form

Eo' 1 + P_L
E r

i3 oe3 (l+P.rE)(l+P_F)(l+PTM)

where

"rE, TF =

2A

B _-4AC

where

A : (C L + Cf2)(R s + re4) Ts

(3.2-1o)

= + (C L + Cf2)(R s + r + 84)B _s e4 roe3/

For the case of CL : 0,

_E =- _s

-. re4C fXF = 2

4) _c7 = Rc4Cob2

A Bode plot of feedback factor using the data from Table

3.2-2 is shown in Figure 3.2-4 and indicates a no-load gain

crossover at 160 ns. This response can be broadened as desired

to obtain better'pulse peak stability. Principal adjustments

and _C "
should be in .rB' .rC' .rCc3 c_

3.2-11
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3 .'3 Gain

This subsection discusses such parameters as linearity,

dynamic range, loading performance, susceptibility to supply-

voltage variations, and thermal performance. The time allotted

tothe design and evaluation of this amplifier has not permitted

analytical optimization of the amplifier roll-off character-

istic for minimum thermally-induced gain variatfons. Data is

presented, however, for the thermal performance of the ampli-

fier shaping characteristic as described in subsection 3.2,

and also under conditions of empirical adjustments.

3.3.1 Linearity, Dynamic Range, and Loadi_n K

General linearity, noise, and thermal tests were

performed with the setup shown in Figure 3.3-i. Use of a cali-

brated capacitive load box and repetitive input levels for respec-

tive loads produced the characteristics listed in Table 3.3-1.

Differentia] iinearities for output loadings up to 200 pF and

over a 10"-V dynamic range were less than 1%, the exact measure-

ments being limited in accuracy by the nonlinearities in the

test equipment. Capacitive loading produces gain variations of

approximately .15%/100 pF for pulses up to I0 volts and load

capacitance up to 300 pF. For a load capacitance of 400 pF,

serious rate limiting occurs above 5 volts.

To evaluate the margin of dynamic range available

beyond the 10-V design requirement, a 15-V thermal test was

performed with 100-pF loading (see Table 3.3-2) producing lin-

earity results at 15 volts comparable to those observed at

I0 volts.

%

3.3-I
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Lm

2L= 7 pF

9.960

7.472

4.972

2.482

Peak Amplitude, V

CL = 107 pF C L = 207 pF

10.014

7.498

4.983

2.504

9.980

7.485

4.987

2.489

CL = 3O7 pF

10.021

7.513

5.003

2.510

C L = 407 pF

10.094

7.539

5.002

2.505

Table 3.3-I

Linearity Vs. Load Capacitance

(Cc4 = 20 pF; Rc4 = 510 _; C D = I00 pF)

[

E

[

.(Cc4

+85°C

15.14

12.62

10.09

7.53

5.05

2.59

+50°C

15.08

12.58

i0.06

7.54

5.06

2.54

0°C

15.19

12.64

10.13

7.57

5.07

2.55

-25°C

15.22

12.68

10.13

7.61

5.II

2.57

Table 3.3-2

DYnamic_Range Test

= 20 _F; Rc4 = 510 _; CL = I00 pF; CD = I00 pF)

3.3-3



3.3.2 Thermal Performance

To calculate effects of finite and complex values

of feedback factor (F) on pulse amplitude, Marshall approxi-

mates F using time constants of the same order as the shaping

time constants (Appendix, p 20). The resultant pulse peak

value (independent of Xfl effects) is then approximately

Rf2÷Rf3 I I+B i--- (3.3-1)

Rf3 ] I 2FI 3x

where

RD / Rf2+R 3 CA CD]"
(3.3-2)

The last term represents the correction to the closed-loop

gain caused by finite feedback factorand bandwidth. This cor-

rection.depends on transistor parameters and is highly tempera-

ture sensitive. Taking into account effects of finite Xfl on

peak amplitude, equation (3.3-1) may be rewritten

Vpeak

1% \IRfz+Rf31
1. + E 1 + E2)

where E 1 = transistor parameter dependent gain variation

E 2 =

I + -- 0. 963 " E

2F 1 3T

e_fects of rfl ' on external pulse-shaping (see

equation 3.1-2)

- .053
3.3-4
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Using the amplifier shaping parameters of subsection 3.2 which

are as follows:

F o _ 10 7

F 1 _ 10 3

= 1 _S

T B = 322 us

= 520 ns_E

The gain correction factor E 1 is calculated to be +.07. This

represents a peaking effect, which is most sensitive to ther-

mally induced gain changes. The term E 2 is calculated using

values of precision components and represents a small thermally

sensitive error (_0 I%/I00°C).

Results of thermal gain stability tests for CD = I00 pF

are shown in figure 3.3-2. Similar data, though not p]otted,

have been taken for simulated detector capacitances of 35 pF

and 300 pF. Gain stabilities of better than ±0.25% were attain-

able between ±50°C with experimental adjustment. Adjustment of

TB and :C to smaller values consistent with loop stability require-

ments should reduce these gain variations.

3.3.3 Supply Voltage Variations

Susceptibility of gain to supply voltage variations

is shown in Table 3.3-3. Two significant variations occur and

[
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+18 V

+20 9.660

+18 9.681

+16 9.725

+6 V

+!I 9"690

+6 9.680

+ 9.680

-6V

-8 9.680

-6 9.680

-4 9. 680

-12 V

-12 .680

-I0 725

Table 3.3-3

Gain Vs. Supply Voltage

[

[

[e
[-

L

[
l,,,.
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are as follows

I) +0.45%/-11% (-18 V)

2) +0.45%/-17% (-12 V)

All other variations are less than 0.2% for the intervals

measured. If it becomes desirable to tolerate supply varia-

tions as large as the experimental values, further optimiza-

tion of transistor operating points should be made. This is

a relatively simple matter.

3.4 Noise Performance

This subsection compares theoretical and measured values

of noise for this charge-sensitive amplifier configuration.

Also listed are noise levels as functions of detector capaci-

tance.

3.4.1 Theoretical Levels

i

For the general case of charge-sensitive amplifiers,

the effective amplifier noise, normalized to KeV, rms is given

by

1

27 Q2 hM2

X 2m-2 dX

(I+X2) n+m

---------_ /® X2m-I dX+ y eN2 iN2 (Cf + C s) (l+X2)n+ m

• e-_ (Cf ÷ CS)2 F X 2m dX
÷

t j (l+X2)n+m I

• 0

(See ref. 3.4 I)

J. H. Marshall, "Pulse Shaping in Pulse-Height Analyzer

Systems," ATC Internal Report ,N_. 2, July 1966, p. 67.
3.4-i

3.4-I

(3.2-17)



where Q = 4.57 x 10 "17 C/KeV

and hM is the maximum value of

1 _'Z m-I e Zt' dZ

h(t') : h(t/_) : ? (3 4-2)2_j (l+Z) 55m "

C

and m = number of differentiators = 1

n = number of integrators = 1

y = 0 (for FET input stages)

The pertinent noise voltage and current are ex-

pressed as follows:

2.8 KT

e-_ - (3,4-3)

gm

4KT

" = + I * (3 4 4)1N2 2q(Ig LD ) -- . . -
Rfi

Consider the amplifier alone where

ILD : Detector Leakage Current : 0

-3
gm : 2.24 x i0 (2N4417 @ ID

I
g

"= I0 "I0 A..

3.4-2
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Under these conditions

_N---2- "7
= 2.24 x I0 9 V/H,.rH_

i-Vf_ = 6 10 "14 A/Hv'-H-_"X

Insertion of all pertinent values into equation (3.4-1) yields

KeV, rms (_ _s, CD pF)
5.04 1 I00

Under the specified conditions, the optimum time constant for

ILD = 0 is calculated to be 3.94 us with an associated noise

V EN2Opt = 3.47 KeV, rms

Since voltage noise production as a function of input noise

current varies as _½ finite values of detector leakage cur-
J

rents will have lower optimum time constants than 3.94 us, the

actual optimum value being a compromise between the detector

and amplifier requirements.

3.4.2 Noise _easurements

Several 2N4417 N-channel FET's were sampled for

noise performance by insertion into the QI position in the

breadboard. All units displayed noise characteristics within

2% of each other at 1 mA drain current. One such unit was

used to perform a noise vs. detector capacitance test, the

results of which are shown in figure 3.4-1. The 100-pF noise

level was measured to be 8.2 KeV, rms, compared with the the-

oretical value of 5.04 KeV. The measured value is representa-

tive of

__. = 3.64 x I0 -9 V/H/_

neglecting effects of current noise.

3.4-3 •
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3.4.3 Improvement of Noise Performance

Two basic adjustments may be performed to the

input stage to improve noise performance. These are

l) Increasing gm by increasing ID.

2) Increasing gm by paralleling FET's.

The drain current characteristic for _ FET may be

proximated as follows:

( )2VGS 1 (3.4-5)

ID = IDSS Vp

where IDS S = drain saturation current

L

[

[

[

[

[

[

[

L,

VGS : gate-to-source voltage

Vp = pinch-off voltage

The transconductance is therefore

_ID : 2 _/_
gm : _VGs Vp DSS ID (3.4 6)

-½ it must similarly vary asSince voltage noise varies as gm '

ID ¼. As a result, high values of IDS S together with high

basic values of gm are two necessary parameters of low-noise

FET's. The 2N4417 has a spread in specified values of IDS S

of 5 to 15 mA. _One unit used in several noise tests had an

3.4-5 ,
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IDS S = 7.5 mA. The theoretical improvement in noise voltage

at 7.5 mA over that obtained at 1 mA is 8¼ = 1.65. The mea-

sured aggregate improvement was 1.27.

Paralleling n identical transistors that share load

current equally, on the other hand, increases gm n-fold. If

the net load current is increased n times, so that each FET

carries the same initial current as the single stage of the

previous example, the voltage noise component is decreased by
½

n • Therefore, increased operating currents and use of par-

alleled input stages will notably enhance noise performance

beyond those levels described in this report.

A manufacturer's sample of a new experimental low-

noise FET (FN641) became available during the preparation of

this report. While only one sample was available, and repro-

duction parameters from one unit to the next could not be veri-

fied, the following data is of interest:

IDS S > 40 mA

r-

L.

-3
gm : 15 x I0 mho @ 40 mA

Amplifier noise = 7 KeY, rms @ 1 mA

PD = No data available (very hot at 20 mA and
6 V).



Units such as this produce short-term values of

IDS S far in excess of its average power handling capability.

While not yet thoroughly tested) transistors such as this

promise even better solutions to the perennial problem of

low-noise amplification.

4.0 SUMMARY

Some noteworthy differences between the amplifier described

in this report and its conjugate predecessor (described in the

appendix) are as follows:

I) Dynamic range has been increased.

2} The amplifier is configured to accept low-noise

N-channel FET's at the input compared to P-channel

units for the design in the appendix.

Pulse amplitudes of I0 V at cable loadings of 300 pF, and

amplitudes of 15 V at loadings of I00 pF may be stably handled

with this amplifier. Noise performance is improved approxi-

mately 40% over that obtained with its conjugate counterpart

at the same operating point. The 2N4417 FET's used in these

evaluations displayed uniformly lower noise characteristics from

unit to unit than the P-channel units Cspecially selected in

1964) to which they were compared. It appears feasible that

still new reductions in amplifier noise may be accomplished

through the use of optimization techniques described in 3.4.3.

4.0-1
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I . INTRODUCTION

Because of their small size, rugged construction, and

negligible power consumption, solid state detectors for ionizing

particles have been proposed for several co_ving interplanetary ex-

periments. For example, the l,_riner C Cosmic-Ray Telescope will

use such detectors to measure part of the energy spectrtum of inter-

planetary ccsmic-ray protons and alpha particles. Also using

solid state detectors, the Surveyor Alpha Scattering Experiment

measures the energy of hack-scattered alpha particles frcm the lunar

surface in order to determine its composition. A similar scheme has

been proposed (1)" for a measurement of the composition of the,._,'artian

atmosphere.

The general usefulness of these detectors motivated the

development of the amplifier and discriminator described below, which

are intended to be part of an instrumentation system applicable to

many space experiments. Several similar circuits already exist but

were built using a design approach which differs fundamentally from

the one used here. After these differences are outlined, the amp-

lifier and discriminator will be described in detail. Future reports

will contain additions to this instrumentation system as they are

developed.

Cl) E. Franzgrote and J. H. Yarshall,

"Analysis of _ne _rtian Atmosphere by Alpha Particle

Bombardment - The Rutherford Experiment", JPL Inter -

office Technical _[emorandum, November 1963.



II. •DESIGN APPROACH

Past designs of amplifiers and discrim-inators often

resulted in gains, thresholds, and pulse shapes depending strongly

on semiconductor parameters. The circuits were almost entirely

empi_cally produced, because the wide variations in these parameters

made accurate theoretical predictions most difficult. Since an optJ_num

design could result only by rather improbable accident, power '^as

wasted, and many components were present which added only to the nmnlber

of parts which might fail. Furthermore, sensistors _or other temper-

ature variable elements were used to compensate for ther_ally-induced

semiconductor changes. This compensation, which could only be achieved

by time-consuming selection of sensistors and semiconductors, resulted

in poor reproducibility of circuit performance and was effective only

over a very limited temperature range. Sometimes sufficiently stable

operation could only be achieved by matching the drifts of one circuit
t

to drifts of the opposite sign in a subsequent circuit. This arrange-

ment lira&ted the versatility of the design because circuits of the

same function ceased to be interchangeable.

Virtually no provision was nade for non-ther_ally induced

semiconductor variations. The temperature compensating schemes were

particularly questionable in this regard because they required that

second order effects, such as transistor temperature coefficients, remain

stable over long periods of time. The neglect of aging 5n c_rcuits which

had to operate several years without repair or adjustments dmngerously

compro_& sed reliability.

Finally, even with temperature compensation, experiments re-

quiring total gain and threshold stabilities better than about 5% had

to rely heavily on calibration data, providing another avenue for

possible failure.

In that reliability, which obviously includes drifts not ex-

ceeding tolerance, is a prime consideration in the design of the amp-

lifier and discriminator described below, large amounts of feedback

are used so that the transistor dependent parts of gains and thresholds

are of the same order as the tolerable drifts (typically 1%). Then

Q
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even large semiconductor variations perturb the gain and threshold

by a tolerable amount. In addition, theoretical analysis is used to

optimize the design, res_ting in each circuit centair_ing inherent

stability and reliability but not using excessive weight and power.

As in any carefully _xecuted scientific approach, theoretical pre-

dictions are checked experimentally, and an effort is fade to under-

stand any discrepancies present. Only when there is approxirate

agreement between theory and experiment can confidence be gained

that a paI%icu!ar circuit measurement is not a special case diffi-

cult to reproduce.

Because temperatures are difficult to predict and control

in space, the operating temperature range for these circuits is made

as large as practical, and extends from +50°C to -50°C. The upper

limit results from the intolerable noise and reduced reliability of

solid state detectors operating over +50°C, while the lower limit

is given by the rapid decrease of transistor current gains below -50 °.

Because the variations of transistor parsx_eters over a 100°C

temperature range exceed all but the most unlikely variations caused

by the aging of pre_dum, transistors during several years, stable

operation during such a temperature change implies stable operation

during the life of an experiment. For example, transistor current

gains at -50°C are less than half their value at +50°C, while the

probability of a factor of 2 decrease in gain frcm aging is of the

same order as total catastrophic failure, which hopefully is negligibly

small. Obviously, if elaborate temperature compensation were provided,

then the non-thenTally induced drifts would be considerably greater

than the the_al drifts, and this method for estimating the effect of

aging would no longer be valid.

Finally, because these circuits are sufficiently stable for

most conceivable envirornr_ental conditions, calibration =ay be used only

as an additional hedge against the unexpected, rather than as an essential

part of the operation of an experiment.
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III. A_,tPLIFIER

3.1 General Theory of 0oeration

A simplified schematic diagram of the amplifier is sho_n in Figure I,

where a capacitive current source represents the solid-state detector,

for which bulk resistance and leakage have been neglected. Although

about 20 ns are required for most of the detector charge to be collected,

the detector response is approxirated by a delta-ftunction, because

the collection time is short cor_F_red to the -_mplifier response time.

The charge QD produced by the detector is propo_io_ml to the

energy loss E of a charged particle passing into the detector depletion

layer and is given by:

E

QD = qE-
o (I)

where: q = charge on the electron = 1.6 x IO-19C

E° = ener_v loss per^ion" pair = 3.5 eV ,_ S,(,cotJ

The energy loss per&'_r pair is predicted by one detector m_nufacturer *

to be stable to about _+L_ from -50°C to +50°C. So long as the

particles stop within the depletion layer, the detector charge output

shou!d also be stable to about _+l_ and independent of detector bias

voltage. Because the detector capacity CD depends on the bias voltage,

which _ay not be particularly stable, the amplifier is designed to

have an effective input capacity much larger than the detector capacity.

Then most of the detector charge is deposited on the feedback capacitor

Cfl #nd the output voltage becomes nearly independent of the detector

capacity and transistor parameters, r_king this circuit truly a charge

sensitive amplifier.
%

* Solid State P_diations, Inc., Los Angeles, California



In order to avoid the weight, power_ud drifts involved in the usual

methodof using t_o amplifiers in series to provide sufficient gain, this
anplifier is desicncd to have a conversion gain oi" 1V_[ eV. If t,his con-

version gain were obtained with the feedback capacitor connecteudirectly

betweenthe amplirier output and input, the resulting capacitance of 0.05 pF
_Duld be strongly dependenton stra_, capacity and not very stable. Flacing

an attenuator (Zf2 mudZf3) betweenthe feecback capacitor ana the output
allows a practical v_lue oi" capacitance (5 pF) to be usea, together "_rith

providing a convenient place for pulse shaping. The output voltage is then

approximately related to the energy loss by:

E E
O

Zf2 1 = qRf2 P_f_

_ere: rf2 = rise time constant = RF2 Cf2

rf3 = decay tine constant ---Rf3 Cf3

p Laptace tr_nsfo_ variable

Z£3 < < Zf2 Mo ---_

Zf3 < < Zfl Rfl---_ co

In order to obtain the opti--mm slgnal-to-noise rati_2)and a pulse slowly

varying near the peak, the rl_e t_e constant is _ade equal to _h_ decay time

constant, producing the _alse sho_,_in Figure 2. In this case, the output

voltage as a _ction of time is approxLmately:

[ t
Vout =

[

5

(2)

O)

L.

(2} E. Fainstein, "Considerations in the Design of Pulse Amplifiers
for Use _dth Solid State Fadiation Detectors" Tennelec !nstr-

merit Co., Oak Ridge, Tennessee.
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*_'here:
7 = shaping time constant = _f2 = Tf3

M c = conversion gain = Pulse De__k voltage
Paa_icle _nergy ios_

M = qEf2

c eEo Cfl 21.3

6

e = 2.72 = base of natural logarithms

Because the pulse shaping is done _thin the amplifier rather than later, no

additional _mp]ifier d_vnamic range is required as a result of the pulse shaping,

although equal rise and fall ti_.e constants reduce the conversion gain by a

f_ctor of I/e.

The va3__ue for the shaping ti_,e Constant is a compromise bet_--een max_amum
,J_isE'.,

tolerable counting rates_e.nd ampl!fier ban_:_dth, and c_u be varied to suit

a particular e_eriment. The amplifier described in detail here used a 2 us

shaping time constant. A version _dth a 0.5 Lss shaping time constant and a

conversion gain of 0.5 V_V _vas also found to operate satisfactorily,

although final optimization on such a circuit has not been perfor_..ed.

Finite Rfl causes a 15% undershoot of the pulse for T = 2 _,s and Rfl Cfl = 25 us.

The area of this undershoot equals the area of the positive part of the pulse

because detector current does not flow continuously. Therefore, for linear

circuits, no net charge _s transferred to any coupling capacitors. The base-

line will have recovered to 0.25% of the 1:_!se peak voltage after !00 us,

perm-_tting counting rates as high as I0 Kc/s _ith less than 1% pile-up of the

pulse tails.

'X[_O|

" COP'* | '_ _" O"_"

,--_.. _, _._ r--.--_
,o

]"7'
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3.2 Circuit Details

Because the amplifier open loop gain and band_,_dth are finite,

some charge flo:vs onto the detector capacity and onto the amplifier

input capacity. Because this charge loss depends upon ,_nstabie

transistor parameters and detector capacity, the _mplifier gain and

bandwidth must be fade as large as possible without resorting to

complex circuits or to large power consumption. Two versions of the

basic amplifier configuration (see Fig. 3) were developed. One is

intended for spacecraft applications, while the other is for ground

based laboratory use. The latter compromises reliability for ease

in selecting components and for versatility in operaCing _rith any

detector capacity without circuit changes. In the spacecraft version,

the amplifier is optimized to the capacity of the detector with which

it is being operated, and the transistors are stringently selected

to provide a large allowance for dcterioration caused by aging.

The basic confi_aration consists of a grounded source field-effect

transistor input stage, two grounded emitter stages, and an emitter

follower output stage. Negative feedback with pulse shaping as des-

cribed in the previous section is applied from the output back to the

input. In order to make the DC gate voltage of the input transistor

independent of the detector bias voltage, the detector is capacitively

coupled to the amplifier. The size of this capacitor (C1) can be re-

duced a factor of ten without increasing the drifts if the feedback

capacitor is returned directly to the detector instead of to the gate

of the field-effect transistor. A small c2_pacitor reduces the physical

size of the amplifier _-nd decreases the sensitivity to low frequency

detector noise.

A field effect transistor was chosen for the input stage (Q1)

because of its low noise and high input impedance. Because the noise

of a field-effect transistor is nearly "independent of its standing

current, the transistor can be operated with a sufficiently large drain

current to produce a transconductance over 1500_ho. The gate

current, which .is usually much smaller _han detector leakage current,

adds negligibly to the noise and to bia_ instabilities even at high

Impedance levels. The added comple_ty of the usual cascode configur-
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ation for the input stage "^zs found not to be Justified by reduced

noise.

The _2L97 and _]2500 field-effect tr_nsistor_ were chosen

because of their low noise figure, high transcondu_ance and small

cap_city, and because they would ooerate at _ of drain current re-

quired for obtaining optimum gain and bandwidth. If the drain current

at zero gate-source voltage does not exceed the current in _, then the

second stage will be cut off, resulting in amplifier failure. At

lOO°C the _A_mum drain current is 70% of its room temperature value,

and thus the room tex@erature _aximum drain current should exceed

1.3mA. In the laboratory version, this current is selected to

exceed 1.SmA, while for spacecraft application an additional margin is

left by selecting for 2zA or greater.

Most of the voltage gain is provided by the second and third stages

(Q2 and Q3), both of which are in the same TO-18 can. Because of the

large voltage gain, the band_ldth is determined primarily by the collector-

base capacity. The principal advantage_of the ZN2973 transistors are

their high current gain (typically _50) and their low collector-base

capacity (3.3 pF). Secondary advantages are a large collector output

impedance and low noise figure. Their current gain-band_ddth product

of 80 Mc/s is adequate. For the spacecraft version, the transistors

are selected to have current gains that equal or exceed the typical

value.

An emitter-follower output stage (Qi) provides a low output

ir_pedance, so that difficulties with non-linearities and gain drifts

associated with a separate buffer outside the feedback loop are

minindzed without large standing currents. The transistor for this

stage must have a high gain-bandwidth product so as to prevent ringing

for capacitive loads, while also having a sufficiently large current

gain to produce a low output resistance. The 2N709 has a gain-band-

width product of 800 Mc/s with a minimum current gain of 50. For

the spacecraft amplifier, this transistor is selected to have a current

gain in excess of lO0 so that loads as stall as 1K do not appreciably

increase the gai_ drifts.

[
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In the laboratory version, a 46.7 ohm resistor is placed in

series w_th the output, so that reflections from a 50 ohm cable on

the output will be reduced. For spacecraft applications, the amp-

lifier probably would be connected directly with short wires to the

subsequent circuit s.

In order to increase the voltage gain of the third stage without

increasing power consumption, the load resistor for the third stage

is boot-strapped to the +_ritter-follower output. This configuration

also provides nearly constant base drive to the output stage, result-

ing in improved linearity and less problem with rate limiting caused

by the capacity on the collector of Q3. The resistor values are

chosen so that the effective resistance of the 9.01K resistor is in-

creased to 36.&K. The &.32K resistor between the output and the 9.01K

resistors reduces the effective resistance but also eliminates a strong

dependence on the unpredictable collector output i_pedance of Q3 or

on lead resistance. Besides, further increases in this effective

resistance do not appreciably reduce drifts because bandwidth effects,

which are independent of this resistance, now dominate.

The transistor operating points are fixed by the same feedback

loop which determines the AC gain, reducing complexity by eliminating

. coupling and bypass capacitors. The choice of operating points is a

compromise between gain, bandwidth, load dependence, noise, and

power consumption. It can be shown that _aximum gain is obtained _en

the source resistance for the second and third stages equals their

transistor base input resistance. If this condition is imposed, then

the current in the third stage and the collector voltages remain

the only free variables. The collector voltages were chosen to be

about &V to 5V because the collector-base capacity increases rapidly

for smaller voltages. The field effect transistor has a drain voltage

of -5.3V, which operates the transistor in the pinch-off region with

a low gate-drain capacity. Fast response and small load dependence

indicate that the current in the third stage, and thus all the

transistor current, be as large as possible. Low noise, low power

constur.ptlon, and field-effect transistor _li_.itations require small
I

9
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currents. The values shown in Figure 3 represent a compromise between these

conflicting requirements.

The max_muu output voltage is determined by the point at which QA saturates.

If the field-effect transistor leakage current is neglected, the voltage on the

emitter of Q4 is given by:

where:

Ve_ = Vg s

Vgs= gate-source voltage of QI

and the resistors are as sho_n in Figure 3.

The collector voltage is then related to the emitter voltage by:

ReA
Vc_ = ll.8V --

Re4 Vel*

and the maximum output voltage is:

L

Vmax = Vc& - re4 - Vsat

I - Vsat

(0

where :
Vsat = saturation voltage of QA 0.2V to 0.SV for load resistances

between infinity and 1K.

If the power supply voltages remain constant, the princip-_l sources of

drift in Ve_ and Vma x are variations in _ and Vgs. Although Vg s may vary

as much as 0.SV between different transistors, it remains stable to about O.IV

over the temperature range. For critical applications _ is matched to the

particular field-effect transistor being used, so that Veh equals its optimum

of 3._V. If _ were a composition carbon resistor, which may have a
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temperature coefficient as large as 1,500 p_'/°C, Ve/_ could drift

from this cause alone by + 0.2_I, resulting _n a drift of the _ax-

_u_. output voltage by + O.LV. In applications ',_ere stability of

the amplifier d_a_ic range is important, a carbon film resistor,

which is physica1__!ylarge but has a temperature coefficient less

than 500 p_I/°C, reduces this drift to + O.1V. F_xperimentally, the

_xi_um output voltage is found to re=ain stable to O.15V for temp-

eratures between -50°C and +50°C.

The uaximum output voltage is li_ted by the available supply

voltage e.ud by the current gain and collector breakdo,_u voltage of Q&.

For spacecraft applications, the _aximur_ output voltage should not

exceed 5V for 1K loads or 7V for 2K or higher loads. As shown by

equation (6), the dynamic range can be reduced by increasing Rc4.

The laboratory amplifier is adjusted for a =axi_um output voltage

of about TJ, and its linearity and gain are sho,_ __u Figure 4. The

variation of the instantaneous conversion ga__u over the entire

dynamic range is less than O. 5%. This variation includes non-linearities

in a precision mercury pulser * and in the discriminator (see section &).

A photograph of an amplifier constructed for laboratory use is

shown in Figure 5. Because capacitive coupling of the output signal

to the input reduces the gain, the input stage is isolated from the

ren_inder of the a_,plifier by a metal s?_eld. Since any pickup of

externally generated signals increases the noise, the a_plifier is en-

closed in a metal box, and the power supplies are decoupled with 1 ms

time constants. If possible, the detector should be connected directly

to the amplifier in order to avoid the noise and capacity produced by

an input cable.

Because i_@roper coupling of ground currents can lead to ringing and gain

* RIDL Model _7-7

%
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drifts, cobb-on ground points, represented by circled numbers in Figure 3, are

•used "to isolate one stage from another. The metal shield pro'_des a low

impedance return for interstage and feedback ground c_rrents.

Capacitive couplLng of the base of Q2 to the collector of Q3 con-

stitutes positive feedback. In order to avoid the resultant ringing and os-

cillation, the base lead of Q2 on the output side of the shield is kept as short

as possible, and the case of Q2 and Q3 is grounded. Also, the components in

the collector circuit of Q3 and those associated with QA are kept physically

removed from the base of Q2" With the above precautions, the effects of pick-up,

stray capacity and ground currents become unobservable.

The amplifier is protected against dar_ge from power supply transients

by _ lO0 ohm series decoup_._ing resistors, which limit the _arrent, and by

diodes, which prevent breakdown of the relatively delicate e_itter-base

J,__uctlons. The diode on Q& also allows current from Q3 to pull cap_citlve

loads negative, so that even for loads greater than 200 pF, the output pulse

shape remains constant.

,"I{IERO t I _Ol_v '
'CO_v I

12
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3.3 Stability a__ainst Oscilla_ion

Because more than two poles are within the fea_back loop,

oscillation, which would render the ar.plifier useless, is possible.

Because alewgain drift and a large mar_in of safety against oscilla-

tion are competing requirements, an optic+urn design necessitates

accurate prediction of oscillatory conditions. These conditions de-

pend on the amplitude and phase of the compl_ feedback factor, the

calculation of which is based on the simplified schematic of Figure 6

and on the approximate equivalent circuits of Figure 7. For this

calculation the loop is considered opened at the point marked X in

Figure 6, and the feedback factor is defined as the output voltage

for unit voltage applied to the input side of the indicated point.

Poles and zeroes with angular frequencies in excess of 10 9 radians

per second are neglected becau3e they are over an order of ma_=nitude

removed from the frequency at gain cross-over (IFI- I). The collector-

base resistance (r c in Figure 7) is also neglected because the times

of interest are short compared to r c Cob (typically 66Us). For longer

times r reduces the gain by about a factor of two.
c

With the above approx//rations the complex feedback factor can be

written as (see Figure 6):
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_ere: j = VzV
= angular frequency

"Fe is the feedback factor for DC and is given by:

Fo =Mvl Mv_2-r_Y3V My& RD

.\RA + RD

_V2 = voltaze gain of Q2 = re3

_3 voltage gain of Q3 = _'= re3

(8)

RL 1 = load resistance of Q1 Rl + _2 re2

R2B re

_2 = load resistance o£ Q2 = h ÷ _3re3

+ 2R

_3 = load resistance of Q2 _3 +2RA=_

The fo!!owin_ poles and zeros are determined by the pulse shaping net_,_rks, mud

remain stable over the t_uerature range to about 2%.

J

f_ _.0 _v ,



• . °.

o

15

7£,I = Rlr1 Cfl

= Rf2 Of2 = _f3 Cf3

"D = _o (01:_.+ %2)

'rK '= (_fa + Rf3) co

j ..

The high frequency compensation networksjwhich are used to prevent oscillation,

result in the Zeros shm_m below. The values of these zeros depend only on fixed

resistors and capacitors, which do not vary over the tamperature range by more

than about 1%.

Tcl = Rcl Ccl

7c2 = Rc2 Cc2

7c3 = Re3 CD

The large poles given below are produced by transistor dependent capacities and

by additional capacity added to control the feedback factor at high frequencies.

These poles dominate the response for _u_-_Llarfreauencies less than 107 rad/sec._

and combined %ith rfl, %_nd rK)produce 90° of phase shift at gain cross-over.

=(CA+co)(
\Rfl + RD /

(CB + Co)('r2 + _'3) + :'-'v_.Cgd "r!

CA + CD

_C =

..% %
73 + 72 + r3

_l c_ "5_
1 +.(CB +' CD)(jL2 + 7.3)

(n)

t
o

COPY _"
! XEQO

,CO p v

rT
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where:

CA = (1 +Mvl) Cg d + Cf +Cgs

CB = Cg_ + Cf + Cgd

Tl = RI2 (M 3 Cob 3 + Ce3)

= ,i + Cey)T2+r_ TI+_ (vyCob2

- RLI IT1 (Ce2 + Cob 2 + C J) + T4 My2 CobY_

"3-" _2+b

q --_z3 oh3+ Cob_+ %2 +
B_ RL

_5= (_I + Rcl)%1

Additional phase shift near gain cross-over is dete___ined by poles and zeros

_ith time constants of the order of lOns. The poles and zeros arising from

the output auitter-follower _nd from high frequency roots remaining after

factoring out rA_ rB_ and rU are given below:.

rE + _F = Cc2 _Rc2 + r_ CL _ re&
reL +

- . RL + re& _/_ rE + fF

rG =B +VB 2 - LA
2

rH =B - _/_,=2_ AA

2

X_.#a 0 .

COPY
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rI Ci 1
= CD Rc3 B ÷ CD

_'here:

7j
%

A

+ T7)

"62 = % R'm%2

"7 = _ (ce2,+ Cob2+ c_4)

Typical values for these quantities at +50°C 2 +25°C ) amd -500C are

shown in Table 1. The asymptotic approx_mation of the absolute value of the

complex feedback factor for two typical cases is sho;m in Figure 8.

Oscillation is possible if 180" of phase shift occurs at frequencies

les_ than that frequency for wb!ch the absolute value of the feedback factor

equals one. Tb-_s amp!itude mud phase can be controlled by varying the high

frequency compensation elaments. In the spacecraft versicn the cor.pensation

is optimized to the specific detector being usedy so that the gain drifts will

be reduced as much as possible. In the laboratory version_ the compensation

is relatively fixed7 providing ease of use _ith most detectors but sacrificing

gain stability and margin against oscillation.

The phase shift at gain cross-over is critically dependent on the

detector capacity. In order to prevent oscillation for detector capacities

less than 130 pF, the high frequency feedback factor must be deliberately

reduced _n amplitude. Although this reduction could be accomplished by

adding a capacitor in parallel with the detector, such artificially increased

detector capacity would result in unnecessarily increased mmplifier noise.
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instead, the high frequency gain of the first stage is decreasSd by

adding a compensating network (Rcl and Ccl) to the drain of Ql" Not

only does this net'_zorkdecrese the high frequency gain, but it also

produces a zero (Tel) near gain cross-over, resulting in improved

phase _argin.

Another such zero (Tc3) is provided by a resistor (Re3) in series

with the detector capacity. For detector capacities 50 pF or greater,

Re3 is chosen so that re3 is fixed at i0 ns. Because a pole (fi) tends

to cancel the beneficial effect of _c3 for detector capacities much

below 50 pF and because the noise from resistors larger than about

200 o_hms becomes significant, Re3 is fixed at 200 ohms for detector

capacities below 50 pF. The detector bulk resistance also adds to

Re3 , improving the stability of the amplifier.

The value of Ccl is then deterred_nedby requiring an adequate

gain margin under the worst conditions. Calculation shows that the

gain margin at -50°C can be up to a factor of tv._ less than at +50°C.

Therefore, Ccl is chosen so that the feedback factor for a phase shift

of 180 ° at +50°C is 0.25, leaving an additional factor of two at

-50°C for transistor variations. Figure 9 sho_s the resulting values

of Ccl, Rcl , and Re3 versus detector capacity.

In the labo_tory amplifier, Re3 is fixed at lOO f_, and Ccl,

which can be removed by a switch, has a value of 200 pF. This com-

pensation provides only marginal stability at -50°C for detector

capacities less than 25 pF, but even for zero detector capacity os-

cillation does not occur at room temperature. Reduced gain drift

will result if the compensation is svitched out for detector cap-

acities exceeding about 70 pF. However, oscillation may occur for

detector capacities less tb_n about 50 pF unless the compensation is

switched in.

The output compensation, consisting of Re2 and Cc2 (see Figure 6)

reduces the sensitivity of the circuit to capacitive loads. Without

this compensation, such loads _uld produce a pole in the complex

•feedback factor with a t__me constant of 10 ns. The output cawpensation

places a pole and a zero (rE and fc2 ), whose value is relatively in-

dependent of load capacity, at time constants of 60 ns _nd 30 ns
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respectively. These time constants reduce the anplitude of the feecU_ack

factor n_ar gaLu cross-over ,_ithout adding appreciably to the phase

shift or to the gain drifts. A third pole (TF) proporticnal to the

load capacity has a time constant _ ns or less for load capacities

as large as 200 pF.

An additional effect of load capacity is the introduction of a

frequency dependent input capacity to the emitter-follower (Q&). The

use of a fast transistor and of output compensation reduces this effect

to a 10% correction in the feedback factor.

Because the prediction of the condition for oscillation is critical

in the choice of the compensating elements, the a_plitude and phase

predicted by equation (7) were checked experimentally. Because fre-

quencies over lO Mc/s are involved, a direct measurement of the feed-

back factor versus frequency was not practical. However, for a fixed

compensation scheme, the minimum value of the detector capacity to

prevent oscillation could both be predicted and measured. A compari-

son of these values is sho_ in Figure lO, which provides confidence

that equation (7) really predicts a_plifier performance.
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3.& CaLn Drifts

In order to make use of the inher_.nt _ I_ stab _i!/ty of solid state

detectors, the amplifier gain drift should not exceed + 1%. Because many

factors may cause ga_m. s_hifts of the order of 1% over a lO0" C temperature

range, an analytical approach is first used to estimate the scnsitivity of the

gain to various drift producing factors. Proper choice of components for the

critical gain dete_Cuuing ___/_._-=2__--_.'-_ ei_ments can then be made, and

assurance can be obtained tha_ the gain does not depend critically on transistor

parameters. Approximate agreement between theoretical predictions and experi-

mental results provides confidance that the measur_uents are correct and not

a special case. Also, it is far easier to extrapolate analytically than to

measure all conceivable cases.

T

The closed-loop gain can be written as:

=PTK(I+PTD) Rfl (__F 1 (13)
Acl (i + p r)2(l + p rfl) 1 F

r
L_

_here F is given IrF equation (7). Because the gain depends mostly on time

constants of the same order as the shaping time constant, the closed-loop

gain can be approximated by:

(i3_)

[@

COPW_

for- "il > > t > > rD

t = time from the injection of the detector charge.

and: F = F
o (CA + co)Rn _ (i+ p _)(i+ p _c)p (Rf2+ RS) c_

| _£mC

)co_, j
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The expression for the feedback factor c_n be simplified to:

(.Rn + _ R_ cn

and the remaining quantities are given by equations (8) to (ll).

Substituting equation _b) into equation _, the closed-loop gain

is given by:

The deno-_uLuatorcan be approximately factored as follows:

I _0.5')

• FI_)

where: o

I

Because the third root ecual to _B __. _ is typically less than 0.I _s, its
E

effect on the peak value of the output .p_lse is less than I%. Neglecting this

root, the output pulse as a function of time for a delta-_k_uction charge input

is:
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For small values of a, the peak value of the output "_aveform can be approxi-

mated by:

22

(16)
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..q
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_ = _,__-_i-J _ -

Substituting the expressions from equation (15) into equation (17), and keeping

only first order terms in I/F1, one obtains for the pulse peak value:

_7)

o½1 '..+,oii
The last. term repres__nt3 the correction to the gain caused by finite loop gain

and band_dth. This correction depends on transistor parameters and is highly

temperature sensitive.

The gain is also dete__nined by the ratio of Rf2 to Rf3 and by the

ratio of Cf2 to Cf3. Including first order dependence of the gain on

variations of these ratios, the formula for the pulse peak value becomes"

Vpeak =
QD Ao

eCfl

Rf2
where A =

o Rf3

Cf2 i

A1 = = i---
Cf3 o

_A = variation of A
0 0

AI = variation of AI

El2 >> Rf3

from its nominal value

from its noF,inal _lue

(19)
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If the effect of finite rfl is included to _irs_ order, the pulse

peak value is given by:

;A°ao- _ 0.0766

where:

E = transistor parameter dependent gain correction

1.O66 1 + 0.963 -

E = 2F1 -_-- I"

The gain correction dependent on transistor parameters (E) _s

measured at room temperature as a f_uction of detector capacity and is

sho_n in Figure ll. Measured and theoretical values agree to within

about + 0.7% for detector capacities up to 350 pF.

Metal film resistors _,ith temperature coefficients less than

_* 25ppM/°C are used for Rf2 and Rf3. The _axiv,_m gain drift caused by

drifts of these resistors is then less than + 0.13% for a _+ 50°C temperature

ch_.nge, v_th partial temperature tracking of the resistors reducing the

drift below this value. Similarly, a metal fil_ resistor is used for

Rfl , even though such a resistor is physically much larger tb_n a composition

carbon resistor. However, a carbon resistor could produce a +_7.5% drift

in Tfl resulting in a _+1.1% gain variation over the temperature range.

With a metal film resistor for Rfl and a glass capacitor for Cf! , the

drift in rfl is about __0.o_ over the temperature range, restarting in a

gain change of less than __0.O2%.

The gain is inversely proportional to Cfl , which is provided by a

&.7 pF glass capacitor in parallel with the O._pF capacity associated _th

Rfl . The glass capacitor temperature coefficient, _fnich is specified by

the rAnufacturer to be fixed _dthin _+5 p_[/°C, b_s a value of about 120 ppM/°C.

A sensistor in series with Rf2 compensates for the _+0.6% drift in Cfl over

* Coming Glass
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the t_perature range. The resultant drift produced by lack of perfect

trac___ug of the sensistor and the capacitor and by u_ncert_-inties in their

terLperature coefficients is of the order of _0.2%. Because glass capacitors

are also used for Cf2 and Cf3 , _AI/2A 1 is less than _-0.03% over the

t _rperature range.

Figure 12 shows the measured gain drift -_@th four values of

detector capacity for temperatures between -60°C and +lO0°C. In almost

all cases the calculated drifts agreed _dth the measured drifts within the

unce_ainties of the t_perature coefficients of the gain determining

resistors _nd capacitors. The gain drifts for temperatures between -50°C

and +50°C are less than _+0.5% for detector capacities be!ow 350 pF and

le_s than _+l._ for detector capacities below 5_0 pF. Holding the _mp-

lifier at 145°C for 2A hours _.dth the power off causes gain changes less

The output resistance for Ccl _:O and Ccl = 200 pF was measured

at room temperature by loading the amplifier _dth a 1K resistor, and

observing the difference in output amplitude compared to the unloaded

case. The measured output resistances are given in Fig. 13. Loading the

amplifier by 1K adds less than _+O.l_ to the gain drifts for temperatures

between -50°C and +50°C for detector capacities less t_n 350 pF and less

than + 0.2% for detector cape.cities less t._n 5_,0 pF.

2_
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3 •5 Resolution

Because of the large number of carriers produced by most charged

particles entering a detector, the ener_j resolution of an ar@lifier-

detector syst__m is often princiFally 1Lr_te! b_ =__-_-: cal noise. This

noise can only be minimized by a thorough understanding of its dependence

on the s_vplifier pars_reters under the control of the circuit designer.

The largest source of amplifier noise is thezza! noise in the

channel of the field-effect transistor. Van der Ziel (3) has derived

the follo_dng approxirate fornrala for the equivalent squared drain noise

current per unit band_idth:

25

[

_

i
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[
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• id 2= (21)

10-23where: k = Boltzman's constant = 1.38 x J/°K

T = temperature in d_o. ees Kelvin

gm = transconductance in mho

and the band_ddth is measured in cycles per second

This noise current source ray be replaced by an equi_z!ent voltage source

2

ed inse_ed between the source and ground.

Then. _ 2

T id AkT (22)
ed = 2 =--

% %

Using the complex gain given by equation (2), the squared output noise

per _nit band'_@dth d (V_) resulting from the channel thermal noise is:

_(_ I_= T_D _L" CB )2 I _f_ _ I J'_J._ _ 112 _
(23)

Integrating this expression over all frequencies, the total squared output

noise is given by:

(3) A Van der Ziel,"Therzzl Noise _-u Field-Effect Transistors", Proc. IRE,

Vol. 50, pp. 18OS-1812, August 1962



_gU

L_

L

r
L_

where: X =U)T

and the value of the integral is

If the squ_zed output noise vclt_ge is divided by the square of the conver-

sion gain, given in equation (3), then the squared equivalent input energy

(25)

The actual drain noise current is larger than the value quoted

by Van der Ziel by a factor ranging from 1.3 to L, depending on the specific

transistor being used. In terzs of the actual equivalent squ_.red noise

voltage per unit band_idth e-_n, the input noise may be written:

F
L,

ir-

L

F

[

E
Ir

where capacitor values are in farads and times are in seconds.

Statistical fluctuations in the gate leakage current generate an

equivalent squared noise current per unit band__dth i-'z given by:
g

= 2_g (2?)

where: I = gate leakage current in amperes
g

The equivalent squared input noise E 2 resulting from this effect is:
g

f[
-- ,-,._ noise current perwhere the value of the integral is 4 " The inout _"
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Unit bandwidth is specified by the manufacturer * for the _2500, and

agrees _ath equation (27) __th I = 5 x Io-IOA at frequencies near i00 c/s.
g

However, as frequency __ncreases, t_his noise curr_r,t ir_creases slowly so

that at frequencies near !00 Kc/s __n e_Y_rapolation of the E-_nufacturer's

data and an attempt to fit the meas_ed amplifier noise for zero detector

capacity gives :

i_n_=6 i_g_--9xlO-IA A (c/s)-½ (29)

i

2
Where: i = squared noise per unit band__dth as measured by the

n _nufacturer and extrapolated to i00 Kc/s.

Temperature = 25°C

Substituting these values into equation (28), the resulting equivalent

squared input noise energy is:

(3.62x= in r (&.&6 x = (KEY) 2 (30)I_ 2) 106 )

27

I
!

[

[

[

[

The detector and field-effect bias resistors are also thermal noise

sources. Because the bandwidth calculation for these noise sources is

the s_me as for the gate leakage current, the equivalent squared input

noise energy from these resistors is:

(KeV) 2 (31)

where:

(32)

For _ = &.O6M and

T = 25°C = 298" K:

Then: _ = (1.76 x 106 )
(KeV)2 (33)

* Texas Instruments
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The resistor (Rc3) _u series _._iththe detector also produces thermal

noise given by:

E 2 =_&kT rc3. OD (_)2_ °° X2 dX
+ X + X 2

Because rc3 is s_all compared to 7, the approxi_.__te value of the integral

is W/&, yielding:

E2 7.1A x i0& CD
nc = r (KEY) 2

for Tc3 = lO ns

T = 25oC = 298" K

The total R_-t$ equivalent noise energy for the amplifier is then:

U +z2
End ng

2 E 2
+ Enr _ nc

For
T =2_s, the total noise becomes:

2.23 x + en _" (3.57 x lOlO) _ + 10.76
i

The quantity en "_as determined for several field effect transistors by

measuring the output noise using a true _._ voltmete_'^dth a 158 pF

capacitor placed across the amplifier input. Because the amplifier has

a conversion gain of 1V_._eV, the E_ output noise voltage becomes:

* Ba. ]_lentine _':odel 320

28

2

(35)

(36)

(KEY)
.__J

07)
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Figure IA shows the noise distribution of 25 transistors at room t_uperature.

As would be e>_ected, urn.itsexhibiting a large gm also appear to be the

most quiet. However, even among the high gm units, the equivalent noise

voltage varies 2 to I. The only conclusion is t._m.tother sources besides

cbzrm_el ther_l noise _ey contribute to the total noise. From 25 transistors

six satisfy the current and transconductance requirements for laboratory

andare noise=its( 5.0 lO-9V whilet,,olow
n

noise units are suitable for spacecraft applications. _-,_-These results are

summarized in Table 2. Care should be exercised in e_%rapolating yields

from a sample this smell.

A unit with an equivalent noise voltage of A.15 x 10 -9 V (c/s) -½

_s used in an amplifier constructed to test the noise theory. Figure 15

shows the calculated and measured noise versus detector capacity "with

Tc3 = iO ms.__ The equivalent noise voltage (e _) and the equivalent noise

current ( i n ) were determ,ined as discussed above. No change in the noise

_.zs observed after the transistor had been at IAS°C for 2_ hours with

the power off or after repeated testing _ith power on at temperatures from

-60°C to +lOO°C.

The detector itself also is a principal contributor to the re_olutio_i!

In addition to capacitive effects, the detector produces noise resulting

from statistical variations of the leakage current (E___)and in the n_mber

of carriers released (Enq). The resolution is further spread by variations

in collection efficiency and in detector unifo_ity (E--_. The total

detector resolution E-_. can be then written as:
nu"

nd

The leakage current noise is related to the amplifier pulse

shaping in the same _y as the field-effect transistor leakage, namely:

_-_ Z42197 transistors selected by Texas Instr_ents for gm _1500 p_nho

at I D = ira and IDS_ >2.0 mA are available as special product SM5688.

(A) S_Acon/uctor Particle D__c_ors_o_ - J. M. Taylor, Butter_orths, Inc. 1963
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where = detector leakage c-_rr_ut in a.up_res

The variation in the n%mber of carriers released is given by Poisson

statistics and thus:

where:

U=EE

q o

= energy loss in depletion layer in KeV

E ° = ener_ per ion pair = 3.5 x lO -3 KeV

(KeV) 2 (38b)

i
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Cozbir/ng both detector &nd amplifier resolutions, the total _

energy resolution may b_ expressed as:

-2
 2+En d (39)

XC_O

k

or in terms of the full width at half maximum counting rate:

(&o)

Figure 15 also _o_;s the c_!culated total energy resolution asstzdng a

25 KeV (_'._M)resolution for the detector. This resolution was checked

directly using an Am2il source, whose spectrum near the principal peak

is listed in Table 3. The resulting peaks for t_m detectors are shown

in Figure 16. Because of the low energy tall caused by a emission to

excited states and by scattering from the walls, the resolution _,%s

calculated by doubling the upper half width at half max_&m. The amplifier

gain, w_hich_s measured to be 0.98 V_eV, is _dthin the tolerances of

the gain determining elements. The calculated and measured resolutions

are compared in Figure 15,

For applications _ere resolution is most critical, further op-

timization is _ossible by varying the shaping tLme constant and by pro-

vlding additional pulse shaping. The total resolution may be expressed

as:

.... _D
E2=E2-+E 2 +_+I_T
nt nq nu r

_ere: D = (7.73 x I0-3)(C D + 15)2 + 7.1A x 10-2 CD

E=IA3 IL+5.3s

_, _ = constants determined by the number of clipping and

integrating time constants

CD
= detector capacity in picofarada.

%

. xc.o,_
cob _"| _OP" ', *K_C
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_= detector lea<age current funmicro_uperes.

r = clipping and integrating time constants in microseconds

The best resolution results "_en the shaping time constant is:

32

!

i:
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Then the resultion has a value given by:

(_3)

For one clipping time constant and one integratLug time constant:

,r--

opt nq nc
(_)

In Figure 17: T@pt and are plotted versus detector capacity for

a leakage current of 0.I u_ The resolution for a constant 2 _s

shaping tir.e constant is sho:.m for comparison. :,
P

[

For one clipping time constant combined _th t'_ equal integrating

time constants then:

KE = i._0

and the conversion g_in is reduced to 0.73 V_[eV. For this case:

[O , ,o,_-0._

_.2 _ 2 + _.2 + (o.8o6)(2y'F_)
opt= nq nc

copy _ - . ,

_- -'-:--7 [_ r-,-

[
r I cco_I

(&6)
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For one integrating time const_.nt combined "_th two equal cllpp_ng

time constants,

(/_7)

and the conversion gain becomes 0.63 V_eV. In this case:

E I =E 2 +E 2
opt nq nc

Natural_ if the shaping tlue constant is varied, the high fre-

quency compensation _ill have to be changed accordingly. If the shaping

time constant becomes too short, excessive g_n drifts may result.

Conversely, long shaping time constants may cause difficulty with tall

pile-up at high repetition rates.

Figure 18 illustrates _,_-dependonce of amplifier noise on

temperature. For tezperatures below about 70°C, field-effect trans-

istor channel noise do_uates, and the noise is _oughly proportional

to the absolute tenperature. Above 70°C, gate leakage current, which

rises exponentially vH_th t_perature, beeome__ significant. For

detectors ha_ing leakage currents of about 0.!_ at room temperature,

the exponential rise of noise _dth temperature would probably begin

near 50°C.

i
k.

.

(
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i.l General

Figure 19 sho',,sa complete sche-rztic of a discriminator with a

threshold equal to a DC bias voltage. For bias voltages between O.1V and

5V, better than ]% threshold stability is obtained u3ing pulses produced

by the amplifier _ith shaping tir,e constant greater than or equal to O.5_s.

This discriminator is considered the most versatile version, and some

simplification of the circuit may be possible for less dera_nding requirements.

A block diagram is sho'.,min Figure 20. Basically, the circuit

consists of a single shot preceded by a _indow amplifier _th a variable

bias. The single shot uses a complimenta_ i flip-flop output stage in which

both logical states are clamped :by a saturated transistor to either ground

or the -6V supply, providing low output impedance, fast (0.2Us) rise and

fall times -^ithout large standing currents, small sensitivity to noise and

pickup, and stable output voltages. A photograph of the discriminator

output pulse is sho_,n in Figure 21. Because the threshold of the compli-

mentary flip-flop is highly sensitive to transistor gains and diode voltages,

the flip-flop is preceded by a differential a_olifier. Both are b_=ed

so that the flip-flop triggers appro:d_c,_tely when the differential stage

is balanced and thus most stable. Positive feedback via series RC circuits

to both sides of the difference amplifier determines the output pulse width.

A "_ndow a_,plifier is placed before the single shot in order to

improve the threshold stability for s.mz_l._signals and to provide a convenient

place for a variable bias which does not effect the output pulse width.

Because the single shot is biased to trigger v:hen the window amplifier is

also balanced, and because the transistors are _atched so that equal currents

occur for base voltages equal to _dthin + 3mV, the threshold for small

signals of long duration equals the initial voltage on the base of Qla to

_t,hin about _,3mV. Because Qla is normally cut off by the bias voltage,

the input ir,pedance is given by the !OK bias resistor, the size of which

is only limited bythe voltage shifts caused by transistor lea_-age currents.

For biases less than 80mV, Qla starts to conduct, resulting in base current

flowing in the bias resistor, am/ a smzl!er value of this resistor must be
@
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used for stable oceration. Most of the drifts for bias voltages in excess

of 1V arise from the non-zero response time of the s__ng!e shot. in order

to reduce this respcnse time as much as poo__b_e without large standing

currents end consequential _m_ste of poaer, fast s_._-tc_ng tra_nsistors are

used for the complimenta-_g flip-flop, and diodes limit the voltage swings

at the collectors of Q1 and Q2 and at the bases of Qi and Q6.

&.2 Tr__ering Seauence

The discriminator has two states, one of which is stable and the

other is not. The tremsition from the stable state to the unstable state

constitutes "triggering", and the size of the pulse which just barely causes

triggering deter_&nes the threshold. Because the stability of the threshold

depends on the sequence of events leading to triggering, this sequence must

first be understood in detail. ,

In the stable state, transistor Qla (see Figure 19) is cut-off by

the bias voltage, resulting in Q2b and CR1 conducting with Q2a and CR2 cut-

off. Because Q2b is conducting, Q5 is saturated, resulting in QA also

being saturated. The OUT signal is thus clamped to ground, while the OUT

signal is clamped to -6V.

When a sufficiently large pulse is applied to the input, the base

voltage of Qla is raised to near zero volts, causing Qla to conduct and

reducing the current in Qlb " When the currents in Qla and Qlb become

nearly equal, Q2a starts to conduct, decreasing the current in Q2b by the

same amount. As a result, Q5 and CR3 stop conducting, and the voltage on

the base of Q3 begins to rise and base drive is no longer supplied to QS"

Nevertheless, its collector voltage does not rise L%mediately because of the

stored charge in QA and QS" Tb-_s stored charge can only be quickly removed

by a large collector current either supplied by loading or by the conduction

of Q3 and Q6" As a result, the circuit triggers for short_pu!ses before Q3

conducts only if the OUT signal is loaded to -6V or the OUT signal is loaded

to ground by several milliamperes.

Although positive feedback via Cf2 and Rf2 tends to increase the

current in Q2a' this feedback is Luoperative for short times. Because the

stored charge in Q_ and Q5 effectively clamps the CU--Tsignal at -6V, no signal

is fedback until this charge is removed. In addition, the slow response
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time of the _'_° _" I
ai_r_u_la_ amplifier (Q2) caused by collector-base capacity

prevents rapid regeneration (see section A.3).

The voltage on the base of Q3 continues to rise _util Q3 starts

to conduct. The collector current of Q3 then rapidly clears the stored

charge from Q&, and the OUT siena! begins to fall. This signal is coupled

to the base of Q6 via a !O0_ _ capacitor, and, after falling by about I.AV,

begins to bring Q6 into conduction. The collector current of Q6 then

rapidly pulls the OUT signal positive. _an the OUT and OUT signals have

moved about 3V, the feedback currents via Rfl and Rf2 are suffici_=nt to

hold Q2a conducting and Q2b off independently of the input signal. At this

time triggering _s occurred because the circuit proceeds inevitably to

the unstable state.

The minimum load resistance is determined primarily by the base

drive of Q4 and Q6 and their current gain at -50°C. If Q4 and Q6 are

selected to have current gains of I00 at room temperature, their gain at

-50°C will be about 50. For the base drive of O.18rA, a collector current of

9mA will be avai!_b!e. In order to allow some rArgin of safety, the load

current should not exceed about 6rA, it@lying a rinimum load resistance

of IK to voltages between ground and -6V.

If the input pulse does not hold Qla conducting, the time

of the transition from the tunstable state back to the stable state is

determined by the charging of the feedbacktiming capacitors (Cfl and Cf2).

Typically, t.his output pulse -width is zade sufficiently long so that the

amplifier pulse b_s become negative before the discriminator attempts to

return to the stable _-_s_. and thus Qla is guaranteed to be cut-off. This

time for a 2_s shaping time constant is 6_us (see Fig. 2).

The return to the stable state occurs appro_d_-ately in the

reverse sequence as triggering. The collector currents in Q2a and Q2b

are nearly equal at this time, and, because the transistors are matched

to bare qual base voltages for eTaal collector currents, the return trans-

istion occurs when the base voltages are qual. Thus, the pulse width T is

given by:

J

F
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where: Tf --RflCfl = Rf2Cf2

V = output voltage -- 5.5V
O

I1 = collector current in Qlb = O.LmA

Rf = Rfl = R f2 = 13K

VD = forward voltage drop of CPq[and CR2

For the _lues sho_ in Figure 19:

T : 9.76 Cf [i + O.O133 VD] (ns) (50)

for Cf in picofarads and VD in. volts. For VD equal to O.7V, then:

T = 9.85Cf (ns) (51a)

A comparison of this fo_!a with zeazured results is shown is Figure 22.

The diode fo1_.._rdvoltage drifts by 0.25_J for ten peratures between

-50°C _.nd +50°C)_;hi!e I1 varies by about !. 5%) producing a drift in the pulse

width of 2.5%. The timing capacitor3 a_nd resisters also vary about I%)

resulting i_n a total dr__ft of the pulse _idth of less thn_n 3.%. Measurements

show an increase in pulse _dth at -50°C to i.i_s for a vridth of i.3_s at

+50°C.

&.3 Threshold Stability

Preliminary measured drifts of the threshold for temperatures between

-50°C and +50°C are sho_m in Fixate 23. These results a_ree roughly with cal-

culated estimates of the drifts. The3e calculations _nd final drift measure-

ment will be present in the completed report.

[

!
L_



TABLE I - Tf._!CAL VALU=_S
38

L

L

[

i

[

E

[

:[

[

I.

9
_L

ii

i
i

Rc2

Rc3

RD

CA
CB

re2

re3

r_

rd

Cob

TT 3

T&

CL

pF

ns

ns

ns

K_

pF

CD : !OO pF, CC! : 17.5 pF CD = 1 pF CCI : 500 pF

-50 -25 -50 + 50

A.75

3_

16.9

299

10.5

5&

3.5

17

8.5

1.3

1.8

5_

2.0

23

3O

IO

570

A.O

,t

4o.A

15

2210

35

LS

27

185

185

3.3

2.0

2.0

0.2

3.3

2_

7.08

33/,

23.3

296

IO. 5

6O

&.O

11.3

8.0

1.3

2.A

5/,0

2.0

23

i0

3O

i0

57O

IO0

&.0

57./,

15

1700

63

35

8O

100

3.3

2.0

2.0

0.2

3.3

200

5.72

322

25.7

314

I0.5

61

/,.2

11.3

8.0

1.3

2.6

5/,0

2.0

23

!0

30

10

570

100

&.O

52

15

1530

/,9

6S

37

8O

530

530

II0

3.3

2.0

2.0

0.2

3.3

2O0

/,.75

3.00

15.9

689

10.5

5&

3.5

17

2.9

O

1.8

5/,O

2.0

23

iO

30

O

20

0

A.O

_6._,

15

2210

35

_8

25

80

185

185

50

•3.3

2.0

2.0

0.2

3.3

2OO

_,+25

7.0S

19.2

892

i0.5

6O

/,.0

ll.3

1.O

0

2.&

5&O

2.0

23

lO

30

O

20

0

A.O

57./,

15

1700

63

35

8O

/,5O

/,5O

lO0

3.3

2.0

2.0

0.2

3.3

2OO

5.72

112

23./,

959

i0.5

61

/,.2

11.3

1.0

0

2.6

5Ao

2.0

, 23

IO

2o

52

15

1530
i

&9

68
i

37
I
• . 80
t

i 530
53O

110

3.3
i

2.0
!

2.0
I
0.2

3.3

2OO
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TABLE II

FIELD-EFFECT T?A_,S±$TOR SELECTION

SELECTION CP_ITFC_[A

Total number of

transistors investigated

IDSS ml.5 mA

IDSS _2.0 mA

2N2&97

18

1A

2N2500

?

7

7

I
DSS _1.5 mA

gm alSOO /A"nho

IDSS _1.5 mA

gm >1500 _ho

'__5 x _o-gv(c/s)-½

IDS S >2.0 =A

gm _1500 _ho

-n_5 x _o-gv(c/s)-½

IDSS

V
gs

I
D

= Drain Current for:

= O; Vds = -5V

= Transconductance for:

= IrA; Vds = -SV

2

5

1

.

1

1

39
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TABLE II!

AI_:} Pa_ic!e _nerg y Spe_r_ of Am _AI

Near the l,_Jor Peak (5.)

ho

V
K_:

[.

Energy % of Total
(_ev)

5.53_,

5.h77

5.h35

•5.378

5.31-I

0.35

0._

85

_.6

1.7

0.012

\

(5) D. Stro_nger, J. M. Hollander, and O. T. Seaborg,

Rev. Nod. Phys., Vol. 30, No. 2, Part 2, Apr. 1958, p 826.

CO Dv _ ' _0_
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Fig. 2 - Amplifier Output Pulse

Horizontal: 2_s/cm

Verticle: 2 V/cm



Notes Fig. 3 - P !.

NOTL_ FOR IABCFATORY V:__.SIQZ

•i. Rcl = 56.2 _, Rc3 = I00 f], and Ccl= 200 pF.

Compensation must be i__nnfor detector capacity less than 50 pF.

2. Select for Ic _1.5 mA at !B =0.02 mA, VCE = 5V (_75). TO-18 Can.

3. All resistors IRC AN60C, unless other,rise nosed. All Capacitors

less than 1000 pF E1-Menco Silver Yica, temperature c_racteristic E,
unless othem_se noted.

& Select for I, _0.6 rA at I_ = 0.002 mA, V__ = 5V
• [;

(8_300). Q9 and Q_ are in the same TO-18CNan, ,which should be grounded

nsar the emXtter of Q3"

5. Select for Inc._1.5 m_ at V_S = O, rVDs = -SV.
O _i500 at Z_ = i.O rA, _S -5_. Low noise unit (see Sect. 3.5).
m

TO-5 Can.

6. Circled nuzbers refer to common ground points.

7. Rc& = 1.OK

8. Keep indicated leads as short as possible.

9. _tch _ to QI so that the emitter of Q& is at 3.&V.

i0. Use values sho_n for general purpose operation.

II. 0.15_ _ - !00 VDC, Spra_ae CP O_[IKB!5AK capacitor may be used to filter

60 c/s ripple on detector power supply.

12. Omit these components if the calibration input is not required.

eapa_i_; across Rfl so that the total capacity is13. M_tch Cfi to the _'_'-

5.1 pF + i%.



Notas Fig. 3 _ P2

NOT_ FOE _PAC._C_..;T '_SICN

and as a function of detector
I. See Fig. 9 for values of Rcl , "'c3' Ccl

capacity. Omit switch.

2. Select for IC m2.O mA at I B = 0.02 mA, VCE = 5V (BIn 100). TO-18 Can.

3. All Resistors IRC F_:60C, unless other_,ise noted. All capacitors less

th_n lOO0 pF _l-Menco Silver _ca, tec:perature characteristic E,
unless otherwise noted.

I ""

&. Select for IC >0.8 mA at IB = 0.002 mA, VCE = 5V (B miOO). Q2 and Q3

are in the same TO-18 Can , which shou2d be grounded'near the Emitter

of Q3 "

5. Select for IDS m2.0 mA at VG5 = O, VGD = -SV.

GM _ 15OO at ID8 = 1.O mA, VDS = -SV. Low Noise unit (See Sect. 3.5).

TO-5 Can.

1.4

L
l

[
t

[

6. Circled numbers refer to cozzon ground points.

7. Adjust to desired dynamic range according to _DQ.6. RC$ _l.OK.

8. Keep indicated leads as short as possible.

9. }htch RB to Q1 so that the emitter of QA is at 3.iV.

I0. Omit !O_F, _6.7_, and 10OK. Connect output directly to circuits "_dth

capacitively coupled _npu_. Capa _'*'_- _ ^..... i_l_ couple _ith LOu_s time

constant to circuits _dth DC coupled inputs.

ll. O.O!_F should be sufficient for most applications.

12. Omit these co_._onents if the calibraticn input is not required.

13, _tch Cfl to the capacity across Rfl so that the total capacity is

5.1
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.Fig. 21 - Discriminator Output Pulse

Horizontal: I_s/_

Verticle: 2.1V/cm
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